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Abstract




Today’s society requires metals, metalloids and other mineral products to maintain industrial and household activities. The extraction of these products generates considerable quantities of mine wastes, since the valuable parts generally constitute a small proportion of the ores from which they originate. Lottermoser (2010) estimates that for every tonne ore consumed, the same amount of solid wastes would be generated, giving 20,000-25,000 Mt of solid wastes produced annually on a global scale. This figure is predicted to grow over the next 100 years due to increasing demand for mineral resources, coupled with lower ore grades (Gordon et al., 2006). Mining activities produce solid, gaseous and liquid mine wastes (Hudson-Edwards et al., 2011). Solid mine wastes include flue ashes and dusts, slags, tailings and waste rock (Fig. 1). Solid mine wastes cause environmental problems because their toxic components can be leached into surface and ground waters and taken up by plants or humans (e.g., from dust inhalation). Waters can be contaminated by the dissolution of mine waste minerals, forming basic (pH 8-12, BMD), circumneutral (pH 6-8, NMD) or acidic (pH -3-5, AMD) mine drainage (Nordstrom & Alpers, 1999; Nordstrom, 2011). AMD is the most common and most detrimental type of fluid mine waste.
The principle of ‘zero waste’ is a desirable environmental objective which would significantly reduce the footprint of the mining and extractive industries. This objective maps onto principles 2 and 3 of the 12 principles of green engineering, namely, that it is “it is better to prevent waste than to treat ot clean up waste after it is formed”, and that “separation and purification operations should be designed to minimize energy consumption and materials use” (Anastas & Zimmerman, 2003). There are, however, two principal obstacles impinging on this otherwise desirable objective. Firstly, there is the economic issue; that is, whether the proposed reuse will be economically viable. The second issue, particularly with metal-ferruginous tailings, is that there are the problems posed by the introduction of contaminant and potentially toxic elements into the wider environment. To some extent, however, the economic question, in the light of the zero waste objective, may be a false dichotomy. This is particularly the case if a rigorous full environmental issue auditing is applied to the entirety of the waste material (Jenkins & Yakovleva, 2006). For example, what may be said to be an uneconomic process in the context of an isolated profit and loss centre, such as a mining company, may well become an economic or desirable project in the context of wider society. It is likely that the on-going activities of mining enterprises will increasingly require what has been described as an ‘operational social licence’ (Azapagic, 2004; Warhurst, 2001). An important constituent of a mining company’s social licence should be the minimisation of the volume of waste. This could be partially achieved by the utilisation of the waste material for other purposes (i.e. reuse), or by rendering the material safe according to set environmental guidelines (i.e. remediation) (Lottermoser, 2011). 
Redox-active minerals such as Fe- and Mn-oxyhdyroxides and oxyhydroxysulphates and metal sulphides are both used and produced during the reuse and remediation of mine wastes. This chapter gives an overview of the minerals and processes involved in these important activities. For further information, the reader is referred to the articles discussed in this chapter, especially the overviews given by Blowes et al. (2003), Fortin & Beveridge (1997), Johnson & Hallberg (2005) Lottermoser (2010, 2011) and Rankin (2011, chapters 6, 11 and 12)

2. Reuse of Mine Wastes using Containing Redox-Active Minerals
2.1. Definition of, and potential problems associated with, reuse of mine wastes
This section overviews the reuse of Cu-, Mn- and, particularly, Fe-bearing mine waste. The ‘reuse’ of tailings described here  encompasses both existing and newly proposed  and innovative uses for the material, thereby distinguishing from ‘remining’ (re-processing old mine wastes using conventional mining technologies), ‘reprocessing’ (re-processing old mine wastes using unconventional technology) and ‘remediation’ (see definition in the previous section; Lottermoser, 2011). 
	Boulding (1996) proposed two end member Global economies. One end member is defined as a linear economy, where the world receives a fresh flow of resources, and, as a consequence, disposes of the resultant waste. In contrast, the opposite end member is a proposed circular Global economy, which is underpinned by the fundamental observation that the Earth is effectively closed to the addition of further matter. The former model is unsustainable in the long-term and, in some instances, in the medium-term too (e.g., the discussion on Cu which follows). Every effort, therefore, should be made to shift the balance of the Global economy towards the latter and away from the former end member. Therefore, the reuse, reprocessing and remining, rather than just the safe storage or remediation of mining waste, should be viewed as a means towards this end. Two examples that serve to convey the scale of these processes are the comprehensive environmental audits of Fe (Wang et al., 2007) and Cu cycling (Graedel et al., 2004), which have been undertaken on regional and worldwide scales. In the case of Cu, it is perhaps pertinent to note that over the course of the 20th century in North America, 40 Mt were collected and recycled from post-consumer waste, 56 Mt accumulated in landfills (or were lost through dissipation), and 29 Mt of Cu waste was produced in the form of tailings and slag and stored in waste reservoirs (Spatari et al., 2005). The authors further estimate that the Cu-reserves of North America are limited to 113 Mt, of which around 50 % can be feasibly extracted. Thus, Cu is very much a limited resource, emphasising the importance of utilising the significant portion of this metal currently, and previously, placed within waste reservoirs.
	The potential problems posed by the introduction of toxic contaminants into the environment constitute a significant impediment on the effective reuse of mined material. For example, in sulphide tailings, Fe is usually the dominant chalcophilic cation (Keith & Vaughan, 2000), but Fe cannot at present be economically extracted from redox-active sulphide minerals. These minerals include pyrrhotite (Fe1-nS, where n ranges from 0-0.2), marcasite (FeS2) and pyrite (FeS2). Arsenic is often found associated with arsenopyrite (FeAsS) which is the most abundant arsenic-bearing mineral (Smedley & Kinniburgh, 2002), and with pyrite, which is then  described as arsenian pyrite (e.g., Kossoff et al., 2012). Hence, any proposal to reuse Fe-bearing waste should be examined in the light of possible high As levels. In mine wastes, the highly toxic metalloid antimony (Sb; USEPA, 2008) is also found associated with Fe-bearing minerals, particularly those which have undergone, even moderate, oxidation (Ritchie et al., 2013). Similarly Cu is often associated with Zn (e.g., in sphalerite, ZnS and chalcopyrite CuFeS2), while Zn is commonly associated with potentially toxic Cd (e.g., in sphalerite or wurtzite, ZnS) and, often, Pb (e.g., in galena, PbS; Blowes et al., 1995). Therefore, any proposal to reuse Fe- and particularly pyrite rich-tailings should only be considered after assaying Sb and, particularly, As. Similarly, any proposal, for example, to reuse Cu in tailings should be cross-checked against Zn and, particularly Cd and Pb concentrations. Moreover, the bioavailability and transport of toxic elements is constrained by their partitioning into minerals and by the solubility of these minerals (e.g., Brown & Callas, 2011). Thus, any scheme to reuse mine waste ideally requires a thorough elemental audit and mineralogical characterisation of the material in question. 

2.2. Industrial reuse of mine waste
	In terms of bulk utilisation, the most important current reuse application of mine tailings is in civil engineering construction (e.g., Hammond, 1988; Yellishetty et al., 2008). The mining industry itself has long used tailings for on surface storage build on-site. For example, often, the dams of tailing impoundments are themselves constructed from this material (Bussière et al., 2007; Younger & Wolkersdorfer, 2004). Tailings with an added binder, usually cement, may also be used to backfill old workings (Sivakugan et al., 2006). Tailings can also be utilised in the manufacture of specific building materials such as bricks (e.g., Fang et al., 2011; Zhao et al., 2009) and cementitious raw materials (e.g., Li et al., 2010). The following discussion will concentrate on those applications involving redox or, alternatively described as, electron transfer processes. The discussion will describe proposed tailings applications as pigments, fertilisers, absorbents in the water treatment industry, semi-conductors utilised in photovoltaic panel manufacture and, finally, as a source of sulphur dioxide (SO2) and sulphuric acid (H2SO4). It should be noted that the latter two applications largely describe applications specifically for redox-active pyrite, rather than tailings in general. 
	The electrons in transition metals occupy partially filled d orbital sub-shells. Electrons in particular orbitals can absorb light at individually unique wavelengths and, as a consequence, move to defined higher energy levels. Hence, the transition metals and their compounds may be employed as pigments. The transition metals Cr, Mn, Fe, Co and Cu have variable valence state, which depends on the oxidation potential of the environment they occupy. Furthermore, as the oxidation state varies, so does the wavelength of the visible light absorbed. For example, Cr3+ compounds are green, while Cr6+ compounds are yellow. Although the reuse of tailings for pigment manufacture is as yet applied on a small scale there are some examples of successful pilot projects that are described in the literature (Dengxin et al., 2008). For reasons of safety, Fe oxides are becoming the pigments of choice due to their non-toxicity compared with that of the heavy metal-based pigments (e.g., Rosner et al., 2005). Minerals such as magnetite (Fe3O4), hematite (Fe2O3) and goethite (FeOOH) are commonly used, conferring red, brown and yellow colours, respectively. These phases, at a workable pigment particle size of <10 µm, have been separated from steel waste sludge at a Mittal steel plant in the Republic of South Africa (Legodi & De Waal, 2007). Therefore, it is feasible that such a process could be successfully employed for the reuse of Fe-rich mine tailings. At Lowber in southwestern Pennsylvania, a comparatively large project involved the reuse of Fe oxy/hydroxide sludge (principally, in this case, goethite) as a pigment. This was sourced from the discharge emanating from a long abandoned coal mine. One thousand tonnes of raw material was supplied to a pigment manufacturer (Hoover Color Corp), indicating the large Global scale of this potential resource (Hedin, 2003). On a smaller scale, a successful pilot study performed by Dengxin et al. (2008) found that Fe-pigment may be obtained from cyanide tailings using ammonia to purify the reduced iron sulphate and with urea (CO(NH2)2) as precipitant.
	Acid mine drainage emanating from historic coal mining run-off and spoil at a headwaters tributary of Seaton Creek PA (Ohio River Basin) is being passively treated, with metallic Mn being recovered. The collected Mn has been utilised as a pottery glaze, albeit on an as yet uncommercial scale (Denholm et al., 2008). Manganese is also used in the manufacture of steel, batteries, chemicals, fertilizers and animal feeds, and it is possible that some of these markets may be also serviced by the reused Mn. Extenders are commonly used in paint formulation both to confer structural stability and for economic reasons. Saxena & Dhimole (2006) investigated the possibilities of reusing Cu-rich tailings in this manner. They found that the tailings, after initial sieving and grinding, acted as both a first class and economical paint extender. 
	Based upon its properties as a semiconductor and the resultant availability of electrons in the conduction band, pyrite has been proposed as an abundant and cheap material for the manufacture of photovoltaic cells (Wadia et al., 2009). It has been estimated that just 10 % of the pyrite disposed of annually as mining waste in six US states would be sufficient to supply the entirety of the US primary power demand (Puthussery et al., 2010). Unlike water treatment tailings reuse, however, the research has only so far been conducted on laboratory synthesised pyrite. Moreover, the viability of pyrite’s utility as a semi-conductor has been questioned (Hadlington, 2012). 
	A more established use of pyrite-bearing tailings, and indeed the ore itself, is for the manufacture of sulphuric acid. In this process the pyrite is roasted in order that it may be speedily oxidised. The sulphide anion is oxidised to SO2 while the Fe is also oxidised, from a di- to a tri-valent state (e.g., equation 3, from Runkel & Sturm, 2009).

2FeS2(s) + 11/2 O2(g) = Fe2O3(s) + 4SO2(g)       ΔH = - 1666 kJ mol-1                         	(1)

Historically, the SO2 produced in this process found large-scale use in the paper industry as a bleaching agent, for example in Sweden (Canepa et al., 2009), and as a first step in the manufacture of H2SO4. Largely for economic reasons pyrite roasting has been discontinued in many countries in favour of sulphur extraction, as a useful by-product, from the metal smelting, oil and natural gas industries (Rappold & Lackner, 2010). Sites with a history of pyrite roasting often exhibit serious ongoing adverse environmental effects (Oliveira et al., 2012; Pérez-López et al., 2009). In China, however, pyrite roasting continues to be a large-scale sulphur manufacturing process (Yang et al., 2009). 

2.3. Mine wastes as sources of plant nutrients 
	Mine tailings may be exploited as the source of essential plant nutrients as the demand for agricultural production is increasing in tandem with increasing Global population. A significant proportion of plant enzymes have metal constituents and, in the case of the redox active metals, their role as electron carriers is fundamental to their efficient functioning (Andreini et al., 2008). In plants, just as with animals, Fe is the most frequently utilised redox active metal. This is almost certainly a function of its high availability, as it is the fourth most abundant element within the Earth’s crust. Iron deficiency can be a significant agricultural problem which may be addressed by the application of Fe-rich fertilisers (Caliskan et al., 2008; Wiersma, 2005). In Portugal, pyrite from the Neves-Corvo Cu mine has been trialed as a possible soil improver for the calcareous alkaline high pH coastal soils (Castelo-Branco et al., 1999). The oxidation of bivalent Fe in pyrite to trivalent ferric hydroxide provides protons that serve to lower the soil pH (equation 2) as well as providing micronutrients which may be contained within the primary pyrite structure.

4 FeS2(s) + 15 O2(g) + 14 H2O(l) = 4 Fe(OH)3(s) + 16 H+(aq) + 8 SO42-(aq)                                	  (2) 

Although Zn and Cu and particularly, Pb, were detected in the treated soils, their levels remained below the regulatory maxima. Indeed the authors conclude that: “….. the use of pyrite, obtainable as a waste product from the ore milling industry, may indeed be a useful amendment and effective fertiliser for agricultural purposes” (Castelo-Branco et al., 1999, p.366). A similar conclusion was reached on the application of gold mine waste, containing pyrite as a dominant phase, to sunflower crops (Divya, 2007 and references therein). Moreover, in China further research has been conducted into the use of Fe-rich tailings (after initial magnetic separation) as a fertiliser. The fractionated tailings conferred a better physical condition to the soil as well as supplying essential micronutrients. Indeed, a study reported that rice and soy crop yields improved by around 12 – 15 % after their application (Zhang et al., 2006). Copper, to a lesser extent than Fe, acts as an electron carrier in plants and, just as is the case with Fe, low background concentrations of this essential metal can impede plant growth (Yamasaki et al., 2008). After pre-treatment with organic manures and mineral acids, Cu-rich tailings have been trialled with some success for fertiliser use (Tamgale, 2005 and references therein). Manganese too is an essential plant micronutrient and, although it is a redox-active metal, it is reported as having structural, rather than electron carrying, functions (e.g., Hebbern et al., 2009). Manganese-rich tailings have also been successfully trialed in China as a fertiliser improving the yield and quality of capsicum plants (Zhou et al., 2009). To add a cautionary note, for some years the product Ironite© has been marketed in the USA as a tailings-derived fertiliser. It has been established that the product is not only a source of needed micronutrients, but also a potential source of both As and Pb contamination (Dubey & Townsend, 2004; Williams et al., 2006). Ironite is now banned in Canada and is the subject of several litigation actions in the USA (United States Environmental Protection Agency, 2012).

2.4 Water purification




 Therefore, this is a potentially significant reuse technology (Lin & Huang, 2008; Zouboulis et al., 1992). Similarly, Mn-rich tailings may potentially also find application as a water-treatment agent for the effective removal of trivalent As from solution. In this case the Mn is reduced and the As is oxidised (equation 4; Driehaus et al., 1995) 

H3AsO3(aq) + MnO2(s)  = HAsO42-(aq) + Mn2+ (aq) + H2O(l)      E °= 0.67V      		(4)

It must be pointed out that although tailings reuse has been proposed for water purification applications, the research outlined hence far has been performed on laboratory synthesised phases. There are, however, two historical precedents, on a reasonably large scale, for just such a use. Ocherous coal mine waste was used in the Buxton (Debyshire, UK) treatment works as a flocculating agent during the 19th century (Banks et al., 1997). Moreover, in Falun (Sweden) waste water from a copper mine was employed as a flocculating agent, by mixing it with municipal sewage. Indeed, illustrative of the scale of this process, in 1995, some 109,000 m3 mine water was blended with 5,900,000 m3 of sewage (G. Strålin, Falu kommune, pers. comm.; quoted in Banks et al., 1997).

3. Phytostabilisation of Mine Waste

Mine tailings and mine-contaminated soils can be remediated by phytostabilisation, that is, the use of plants to transform the species of metals from toxic to non-toxic forms. The plant species used are metal-tolerant which can exclude metals and metalloids from their above-ground biomass so this part of the plant can be used for grazing and human activities (Craw et al., 2007). The elements are either taken up in the plant roots or precipitated in secondary minerals around the roots, so as to reduce mobility and bioavailability (e.g., Grandlic et al., 2008; Santibáñez et al., 2008; Lottermoser, 2010; Stoltz & Greger, 2002). For example, Kumpiene et al. (2012) showed that arsenic was removed by adsorption onto poorly crystalline Fe oxyhdyroxide in compost-, zero-valent iron- and coal fly ash-amended gold mining spoils. Cotter-Howells et al. (1999) elegantly demonstrated that a pyromorphite-like (Pb5(PO4)3(Cl) phase formed on the outermost layer of the roots of Agrostis capillaries L-, a metal-tolerant grass, on Parys Mountain (Wales) mine spoils (Fig. 2). This suggests that other redox-active metal and metalloid species might be taken up and sequestered in P-bearing precipitates.
	Barren land known as 'kill zones' that are created by overland flow of AMD, and which are acidic, and contain low organic matter, low water-holding capacity and high metal concentrations (Mendez et al., 2007; Rojas et al., 2014), can be remediated using phytoremediation techniques. For example, vegetative cover was re-established on Fe(III) oxyhydroxide-rich soils created from oxidation and hydrolysis reactions during AMD overland flow in Pennsylvania (Lupton et al., 2013). Other mine tailings-affected soils can also be phytoremediated. Knight et al. (1997), for example, showed that the Cd- and Zn-hyperaccumulator Thlaspi caerulescens could be suitable for remediation of mine spoils with relatively low concentrations of Cd and Zn. Many hyperaccumulators, however, grow too slowly and do not produce enough biomass to make them adequate phytoremediators. Another issue with phytoremediation is that the potentially toxic and hazardous biomass needs to be properly disposed of and managed (Ghosh & Singh, 2005).


4. Remediation of Mine Waste Waters 

This part of the chapter describes techniques used to remediate mine waste waters. Most of the schemes described are for AMD, since this is the most common mine waste water and the most expensive to treat (Nordstrom, 2011). A variety of active and passive treatment techniques are used to remediate mine drainage, and AMD in particular. Figure 3 summarises several methods for mine waste water treatment, and the redox-active minerals (and materials). These are discussed in more detail below, following the classification outlined by Johnson & Hallberg (2005) (Fig. 3). 

4.1. Abiotic systems: lime addition and limestone drains
For AMD, remediation schemes are designed to raise the pH and ideally, remove potentially toxic metallic and metalloid elements from the waters so that they can be released to streams. It must be noted, however, that raising the pH of waters which contain significant quantities of As and Sb may render these contaminants more mobile. These metalloids are often present as anions in solution and therefore compete with the introduced hydroxyl and other anion groups for binding sites (Olías et al., 2004). Remediation sites are often coupled with oxidation-settling ponds or wetlands (see below; Cravotta & Trahan, 1999). Raising the AMD pH is achieved by adding chemicals, most commonly quicklime (CaO) to form Ca hydroxide in the presence of water (e.g., Caraballo et al., 2011a; Kalin et al., 2006), which then releases hydroxide ions, as follows: 

CaO(s) + H2O(l)  Ca(OH)2 (s)								(5)
Ca(OH)2 (s)  Ca2+(aq) + 2OH-(aq)							(6)
OH-(aq) + H+(aq)  H2O(l)								(7)

The other common method of raising the pH of AMD waters is to pass them  over limestone (CaCO3) (Caraballo et al., 2011b; Cravotta & Trahan, 1999; Hammarstrom et al., 2003; Hedin et al., 1994; Macias et al., 2012):

CaCO3 (s) + 2H+(aq)  Ca2+(aq) + H2CO3 (l)						(8)
CaCO3 (s) + H2CO3 (l)  Ca2+(aq) + 2HCO3-(aq)						(9)
CaCO3 (s) + H2O(l)  Ca2+(aq) + HCO3-(aq) + OH-(aq)					(10)

These systems are operated as open (oxic) limestone channels or diversion wells (Arnold, 1991; Ziemkiewicz et al., 1997) or anoxic limestone drains (Hedin et al., 1994; Turner & McCoy, 1990; Whitehead et al., 2005). The latter are used to prevent clogging and armouring of the limestone by secondary phases (Hedin et al., 1994); the effluents produced in the anoxic drain are subsequently exposed to the atmosphere to produce Fe hydroxides (see below). The excess protons in the AMD are neutralised by hydroxide ions or by the limestone (reactions 8 and 9). The hydroxide ions also combine with metal cations that also form hydroxides at specific pH ranges. The most common of these are redox-sensitive Fe hydroxides:

4Fe2+(aq) + O2 (g) + 4H+(aq)  4Fe3+(aq) + 2H2O(l)					(11)
Fe3+(aq) + 3 OH-(aq)  Fe(OH)3 (s) 							(12)
Fe3+(aq) + 3 H2O(l)  Fe(OH)3 (s) + 3H+(aq)						(13)
Fe3+(aq) + 3 HCO3-(aq)  Fe(OH)3 (s) + 3 CO2 (g)					(14)

The Fe3+ is produced by the oxidation of Fe2+ either inorganically or by Fe-oxidising bacteria such as Acidothiobacillus ferrioxidans (Baker & Banfield, 2003). The Fe(OH)3 produced is relatively metastable, but over time can recrystallise to more stable and more highly crystalline phases such as goethite or hematite (Blowes et al., 2003). The Fe(OH)3 phases also sorb many potentially toxic metallic and metalloid elements (e.g., As, Cu, Co, Mn, Ni, Pb, Zn) from the AMD waters (Cravotta & Trahan, 1999). 
	Other redox-active phases are formed by lime and limestone treatment of AMD. These include green rust ((Fe2+4Fe3+2(OH)12))2+(A.2H2O) where A represents SO32-, SO42-, 2Cl-, 2Br- or CO32-; Driss et al., 1995), schwertmannite (Fe8O8(OH)6SO4·nH2O) and goethite (Caraballo et al., 2011a; Lee et al., 2002). In addition, because the limestone drains are often coupled with other drains filled with active material such as MgO, other minerals can be formed, including gypsum (CaSO4·2H2O), Zn carbonates and hydroxides, hydrozincite (Zn5(CO3)2(OH)6) and loseyite ((Mn,Zn)7(CO3)2(OH)10; Macias et al., 2012; Pérez-López et al., 2011). 
	Laboratory investigations are being carried out to investigate whether other redox-active materials could be used in active systems to remediate mine drainage waters. Bearcock et al. (2011) carried out open batch experiments to evaluate the effectiveness of green rust for treating such waters. The green rust was able to rapidly (within one hour) remove Fe, Al, Cu and Zn, even after being dried and mostly oxidized (Fig. 4). In the Northern Pennines Orefield, pelletised hydrous ferric oxide wastes from coal mine water treatments have been tested to see if they remove Zn from NMD (Mayes et al., 2009). Thirty-two percent of the Zn was removed over a 10-month period via the processes of sorption onto the hydrous ferric oxide and precipitation with secondary calcite, formed as a result of the dissolution of portlandite in the cement and calcium recarbonation. 
Several studies have been carried out to determine the mineralogy of redox-active phases produced by the weathering of mine tailings in impoundments. For example, the formation of scorodite (FeAsO4.2H2O) in hardpans (cemented layers) by precipitation and cementation of secondary weathering mine tailings products can reduce Fe(III) and As(V) concentrations in pore waters, and, as long as conditions remain comparatively oxic, it also acts as a long-term store due to its relatively low solubility (DeSisto et al., 2011). With progressive aging and acidification, mine tailings from the Klondyke State Superfund Site (AZ, USA), the amounts of Zn sorbed to poorly crystalline Fe and Mn oxyhydroxides decrease, while those of Zn in sulphate minerals and crystalline Fe oxides increase (Hayes et al., 2011). The remediation potential of these redox-active minerals for the long-term storage of contaminants has not been fully investigated, but may be significant. 

4.2. Biological systems
4.2.1. Off-line sulphidic bioreactors 
Off-line sulphidogenic bioreactors, such as compost bioreactors, wetlands and Permeable Reactive Barriers (PRBs), promote the bacterial production of hydrogen sulphide to produce alkalinity and insoluble metal sulphides (Johnson & Hallberg, 2005). The bioreactors are specifically engineered to optimise H2S production and protect the microbes from direct contact with AMD. Boonstra et al. (1999) and Johnson (2000) suggest that the performance of such bioreactors is more predictable and controlled than passive treatments, they allow selective recovery of desired heavy metals and they can dramatically lower SO42- concentrations in processed waters. They use carbon sources for the electron donors such as ethanol (Bekmezci et al., 2011), lactate (Oyekola et al., 2009) and compost (Chang et al., 2000). 
Two sulphidogenic bioreactor technologies include the Biosulfide and the Thiopaq processes (Johnson & Hallberg, 2005). In the Biosulfide system, H2S produced from the bioreactor is fed into a precipitation tank containing the AMD, and metal-bearing sulphides are then produced. In the Thiopaq system, the AMD and carbon source are fed into the bioreactor, with sulphate reduction and metal-bearing sulphides then forming. Xingyu et al. (2013) describe another type of sulfidogenic bioreactor used to treat AMD from the Zijinshang Copper Mine in China. Sulphide (S2-) ions were produced in an up-flow anaerobic sludge bed, two precipitation tanks were used for copper and iron precipitation, and activated sludge was used as the carbon source. Copper and iron removal efficiencies from AMD with concentrations of 100-120 mg/L Cu, 170-200 mg/L Fe were 60.95% and 97.8%, respectively.

4.2.2. Permeable reactive barriers
Permeable reactive barriers (PRBs) are used to remediate mine drainage waters and to prevent them contaminating aquifers underlying mine wastes. PRBs are excavated trenches situated down-gradient from the mine wastes that are filled with a variety of materials designed to react with the mine drainage waters and render them safe for discharge into aquifers and streams (Blowes et al., 2000; Fig. 5). The most commonly used redox-active material is zero-valent iron (Fe0), which is a product of scrap iron and steel recycling (Blowes et al., 2000; Jambor & Raudsepp, 2005; Wilkin & McNeil, 2003) and is often nano-sized (Bartzas & Komnitsas, 2010). Zero-valent iron is a highly reactive material that can remove a number of redox-active species, including As(III), As(V), Cr(IIII), Cr(VI), Cu(II), Mo (IV), Mo (VI), Se (-II), Se(IV), Se (VI), U (IV), U(VI), V (II), V (III), V (IV) and V(V) (Ahn et al., 2003; Bartzas & Komnitsas, 2010; Gu et al., 1999; Scott et al., 2011).
	Organic materials such as compost and wood wastes are also used in many PRBs to support the actions of sulphate-reducing bacteria (SRB). SRB use SO42- as an electron acceptor, and this oxidises the organic material and generates H2S, according to the following reaction (Blowes et al., 2003; Oyekola et al., 2010):

(CH2O)x(NH3)y(H3PO4)z (s) + xSO42-(aq)  2xHCO3-(aq) + xH2S(g) + 2yNH3 (g) + 2zH3PO4 (l) 	(15) 

where (CH2O)x(NH3)y(H3PO4)z represents organic matter. The H2S generated in equation (15) reacts with dissolved metals to form metal sulphides (Blowes et al., 2003):

Me2+(aq) + S2-(aq)  MeS(s)									(16)

A variety of other redox-active secondary minerals can be formed in PRBs due to the presence of other metals and the corrosion of the Fe0. These include Fe oxide, hydroxides and oxyhydroxides (e.g., maghemite (-Fe2O3) magnetite and goethite), pyrite, greigite (Fe3S4), native nickel (Ni), covellite (CuS), chalcopyrite, bornite (Cu5FeS4), green rust and schwertmannite (Bartzas et al., 2006; Bartzas & Komnitsas, 2010; Caraballo et al., 2010; Jambor & Raudsepp, 2005). The Fe oxides, hydroxides and oxyhydroxides, in particular, are important secondary phases because they sorb redox-active species (Scherer et al., 1998). They tend to form directly on the surfaces of the Fe0, and act as a passive film, semi-conductor or coordinating surface (Scherer et al., 1998). However, all of these secondary minerals can clog the PRB and affect its long-term efficiency. This was demonstrated by Gu et al. (1999) who showed, using laboratory column experiments, that HCO3- and SO42- ions corroded Fe0, forming FeCO3 and H2S, the latter of which stimulated SRB populations and increased SO42- reduction. Several clogging secondary minerals were observed in the columns, including lepidocrocite (-FeOOH), akagnaeite (-FeOOH), mackinawite ((Fe,Ni)1+xS, where x = 0 to 0.11), magnetite, maghemite, goethite, siderite (FeCO3) and amorphous ferrous sulfide. 
PRBs are constructed with single or composite cells, depending on the contaminants to be removed and materials used to sequester them. At the Fry Canyon mine site in Utah, for example, a three-reactor PRB comprising hydrous ferric oxide to adsorb uranium, zero-valent iron to reduce and precipitate uranium, and phosphorus-rich bone char to induce formation of insoluble uranium-bearing phosphates, was installed (Blowes et al., 2000, Fuller et al., 2002; Naftz et al., 2002). This composite PRB was almost completely effective in removing uranium from the mine waste waters. The PRB system constructed to remediate AMD arising from the Aznalcóllar tailings dam failure in SW Spain in 1998 had three compartments (Gibert et al., 2011). These contained limestone, to increase alkalinity and neutralise pH, organise material, to induce reduction of SO42- by SRB and precipitation of metal sulphides, and zero-valent iron, to continue to generate reducing conditions and generate H2S for the SRB, and to form Fe oxyhydroxides that would sorb or co-precipitate other contaminants.

4.2.3. Aerobic wetlands
Constructed wetland systems are designed to simulate natural wetlands, in that the latter are significant sinks for contaminant trace elements (Dinges, 1982; Munger et al., 1995). Contaminated mine waste waters are purified by passing through wetlands via several processes, including sedimentation, adsorption onto the wetland substrate, uptake by plants and microbial oxidation or reduction and sequestering of the new species in minerals (e.g., Matagi et al., 1998; Sheroan & Sheoran, 2006). Aerobic wetlands are normally used to treat NMD waters (Johnson & Hallberg, 2005). Iron and manganese oxides, oxyhydroxides and hydroxides are formed by hydrolysis and/or oxidation according to reactions such as (1), (3) and (10)-(13), above, and the following:

4 Mn2+(aq) + O2 (g) + 6H2O(l)  4 MnOOH(s) + 8H+(aq)					(17)

The oxidation of Fe and Mn can be aided by neutrophilic Fe-oxidising and Mn-oxidising bacteria, including Gallionella ferruginea, which resides at the aerobic/anaerobic boundary, and Leptothrix spp., which breaks down organically complexed iron (Johnson & Hallberg, 2005). Depending on the pH, the Fe and Mn oxides, oxyhydroxides and hydroxides can co-precipitate or sorb other metallic and metalloid contaminants, including Cu, Cd, Ni and Zn (Stumm & Morgan, 1981). The rates of removal of these contaminants are variable, but can be high, between 75 and 98% (Noller et al., 1994). 

4.2.4. Anaerobic composter reactors and wetlands
Composter reactors and other constructed wetlands rely on anaerobic conditions to remediate AMD waters. The processes involved are the same as those in reactions 15 and 16, where the actions of SRB organisms produce metal sulphides that sequester the contaminants. Although the aim of such reactors and wetlands is to produce sulphides, other phases such as metal carbonates and hydroxides can be formed (Neculita et al., 2007). Furthermore, the role of Fe(III)-reducing bacteria in altering solution chemistry and precipitating secondary minerals that sequester contaminants has not been fully investigated (Kalin et al., 2006). Sulphate reduction can only occur when Fe(III) is fully reduced (Stumm & Morgan, 1981), so Fe(III)-reducing bacteria should play a significant role in anaerobic bioreactors and wetlands. Kalin et al. (2006) also point out that the type of organic wastes used is of key importance to the functioning of these systems, with highly refined organic substances such as ethanol and methanol being the most effective per unit addition (Jones & Gusek, 2004; Tsukamoto & Miller, 2004; Kalin et al., 2006), even though they are the most costly.
The removal of manganese is often problematic in mine drainage remediation schemes such as constructed wetlands. This is because manganese does not easily form sulphides and because high pH conditions (>8) for the abiotic oxidation of Mn(II) to Mn(IV) (which in turn forms insoluble oxyhydroxide compounds) are required (Hallberg & Johnson, 2005). This was demonstrated at the Wheal Jane pilot passive treatment plant (PPTP) which used several pre-treatment cells, including oxic and anoxic limestone drains, to remove several metals, including manganese. Manganese removal was poor in the cells with pH < 5, but better in higher pH (>7) cells. Hallberg & Johnson (2005) added ferromanganese nodules and manganese-oxidizing bacteria to the PPTP, and demonstrated improved Mn removal. This improved scheme was also shown to have a smaller footprint than the original PPTP, suggesting it had great promise for removing soluble Mn from mine waste waters. 

4.2.5. Packed bed iron-oxidation bioreactors




The Global quantity of mine wastes is enormous and presents the significant problem of where it may be stored or disposed. This issue becomes ever more pressing as the Global demand for land both for urban and agricultural use increases as a function of increasing population. Furthermore, the waste often contains significant concentrations of potentially toxic contaminants. Therefore, it is incumbent on the extractive industries, both as a whole and as the constituent individual companies, to address these issues if these organisations are to have an operating ‘social licence’. The reuse of materials is problematical, principally because of the issue of potentially toxic contaminants. However, if society is to move from a linear towards a circular economy, further research is necessary in order that alternative uses for this, the largest of the anthropocentric waste streams might be found. Many of the elemental, and hence mineralogical, components of the waste stream are redox active. This review addresses this property in particular giving some prospective and current relevant applications.
Mine wastes can potentially be the source of metal and metalloid contamination to the wider environment. This contamination is normally, but not universally, associated with acidification  (AMD). Chemically raising the pH of the effluent emanating from a waste depositary reduces the acidity, but it is not of itself a redox-based procedure. It does, however, allow for the precipitation of solid phases, most significantly redox-active ferric or oxidized Fe minerals (e.g., goethite and hematite) which will go on to act as major contaminant sinks.
 Redox-active minerals play a very important role in the stabilisation of contaminants within an impoundment. Every effort should be made to optimise conditions (e.g., Eh, pH and hydration state) to facilitate this stabilization. Metal tolerant plants are used to accumulate specific metals of concern, although care must be taken that these plants do not enter the food chain.
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Figures
Fig. 1. Examples of mine wastes. (a) Lead- and zinc-rich waste rock and neutral mine drainage (NMD) at the former Cymrheidol Mine, Wales. (b) Tailings impoundment, Rabbit Lake, Saskatchewan, Canada; (c) Acid mine drainage (AMD) from a former adit, Cymrheidol Mine, Wales; (d) Flow-textured slag from Hegeler Zn-smelting facility, Illinois (USA).Reprinted from Piatak & Seal (2010), with permission from Elsevier; (e) Metalliferous dendrites in a silicate matrix of spherical, smelter-derived flue ash particles. Reprinted from Shukurov et al. (2014), with permission from Elsevier.
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Fig. 2. XANES spectra from freeze-dried plant roots from a Pb-mining impacted wastes at Parys Mountain, and a range of model (pure) lead compounds. The plant root XANES spectra are similar to those of pyromorphite and Pb-hydroxyapatite (Pb5(PO4)3(OH)). The insolubility of such phosphate minerals over a wide range of pH means that the Pb is potentially sequestered for the long-term. Redox-active elements could also be taken up and held in similar phosphate minerals. Reproduced with the permission of the Mineralogical Society of Great Britain & Ireland from a paper by Cotter-Howells et al. (1999). 


Fig. 3. Remediation strategies for mine drainage waters. The term ‘oxyhydroxides’ is used to represent oxides, hydroxides and oxyhydroxides. Reprinted (adapted) from Johnson & Hallberg (2005) with permission from Elsevier.


Fig. 4. Results of stirred open batch experiments to test the effectiveness of dried green rust on removal of metallic elements from acid mine drainage waters in an abiotic active system. The plot shows that green rust removes significant amounts of Fe from Parys Mountain, Wales, AMD water, especially with each increase of solid material (shown as mass per litre of the AMD). The green rust is thought to remove the Fe due to Fe oxyhydroxide precipitation, sorption on active sites on the green rust, and surface-catalysed oxidation of ferrous iron. Reprinted (adapted) from Bearcock et al. (2011), with permission from Elsevier.

 
Fig. 5. Schematic diagram of a permeable reactive barrier at a mine tailings impoundment. Reprinted (adapted) with permission from Waybrant et al. (1998). Copyright 1998, American Chemical Society.  





